Introduction
The goal of antiretroviral therapy (ART) is the suppression of HIV-1 replication and the ensuing reconstitution of CD4 + T cells. The improvement in morbidity and mortality associated with adequate CD4 + T cell reconstitution with ART has dramatically changed the natural history of HIV-1 infection. Nonetheless, a
BACKGROUND. The goal of antiretroviral therapy (ART) is to suppress HIV-1 replication and reconstitute CD4
+ T cells. Here, we report on HIV-infected individuals who had a paradoxical decline in CD4 + T cells despite ART-mediated suppression of plasma HIV-1 load (pVL). We defined such an immunological outcome as extreme immune decline (EXID).
METHODS. EXID's clinical and immunological characteristics were compared to immunological responders (IRs), immunological nonresponders (INRs), healthy controls (HCs), and idiopathic CD4
+ lymphopenia (ICL) patients. T cell immunophenotyping and assembly/activation of inflammasomes were evaluated by flow cytometry. PBMC transcriptome analysis and genetic screening for pathogenic variants were performed. Levels of cytokines/chemokines were measured by electrochemiluminescence. Luciferase immunoprecipitation system and NK-mediated antibody-dependent cellular cytotoxicity (ADCC) assays were used to identify anti-lymphocyte autoantibodies. + T cells compared with IR and INR. Levels of inflammatory cytokines were also similar in EXID and INR, but the IL-7 axis was profoundly perturbed compared with HC, IR, INR, and ICL. Genes involved in T cell and monocyte/macrophage function, autophagy, and cell migration were differentially expressed in EXID. Two of the 5 EXIDs had autoantibodies causing ADCC, while 2 different EXIDs had an increased inflammasome/caspase-1 activation despite consistently ART-suppressed pVL.
RESULTS. EXIDs were infected with non
CONCLUSIONS. EXID is a distinct immunological outcome compared with previously described INR. Anti-CD4 + T cell autoantibodies and aberrant inflammasome/caspase-1 activation despite suppressed HIV-1 viremia are among the mechanisms responsible for EXID.
considerable proportion of ART-treated individuals can only achieve a modest increase of CD4 + T cells despite suppression of HIV-1 replication. These subjects are defined immunological nonresponders (INRs) and have a significantly higher mortality compared with immunological responders (IRs) (1) (2) (3) . Although demographic (older age, male gender) and immunological variables (low nadir CD4, immune activation, lymphoid tissue fibrosis, and impaired homeostatic signaling) have been associated with a blunted immunological response to ART, the mechanisms underlying such phenomena remain elusive and therefore no adjunctive therapy improving CD4 + T cell reconstitution is currently available (4, 5) . Here, we report on HIV-1-infected individuals who, despite consistent ART-mediated suppression of HIV-1 replication, developed a paradoxical decline in CD4 + T cells. We present the epidemiological and immunological findings of such immunological outcome and propose what we believe are novel mechanisms associated with this extreme immune decline (EXID) in ART-treated subjects.
Results
Immunological response to ART. Five subjects were referred to the NIH Clinical Center for declining CD4 + T cells despite consistent suppression of plasma HIV-1 load (pVL) on different ART regimens and extensive work-up ruling out any concomitant malignancy. The demographic, clinical, and immunological characteristics of these subjects are summarized in Table 1 and supplemental material. The median age at time of enrollment was 25 years (range 13-49) and all subjects were infected with non-B HIV-1 subtypes. The median CD4 + T cell count before ART was 179 cells/μl (IQR 67-414), but after 192 weeks of ART, despite consistent suppression of pVL on different regimens, the median CD4 + T cells decreased to 36 cells/μl (IQR 17-60) ( Figure 1 ). This paradoxical decline of CD4 + T cells despite consistent ART-mediated pVL suppression was profoundly different from the immunological responses in ART-naive subjects with nadir CD4 We defined this unexpected immunological outcome as extreme immune decline (EXID), because not only was it in sharp contrast with IR, it was even inferior to INR.
Distinct T cell immunophenotype and cytokine/chemokine profile in EXID. Because the proportions of CD4 + T cell maturation subsets and of activated T cells have been proposed as correlates of poor CD4 + T cell recovery (4), we evaluated the distribution of different T cell subsets in healthy controls (HC, n = 13) as well as in IR, INR, and EXID after 96 weeks of ART.
The median proportion of naive CD4 + T cells was not significantly different between IR and HC (43% and 43%, respectively), while it was significantly lower in EXID compared with IR and HC (4% compared with 43%, Supplemental Figure 1 and Supplemental Figure 2 ; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.127113DS1). Similarly, the median proportion of central memory CD4 + T cells, which was not different between IR, INR, and HC (43%, 45%, and 50%, respectively), was significantly reduced in EXID compared with HC and INR (15%). The lower proportion of naive and central memory CD4 + T cells observed in EXID was associated with a relative increase in the effector memory CD4 + T cells (66%) compared with HC and IR (5% and 8% respectively, Supplemental Table 1 and Supplemental Figure 2 ). EXID was also associated with a lower proportion of naive and central memory and relative increase in effector and effector memory CD8 + T cells compared with HC (Supplemental Table 1 and Supplemental Figure 3 ), but the differences in the proportions of these CD8 + T cell subsets between EXID and IR or INR were not statistically significant.
An increased proportion of cycling CD4 + T cells and activated T cells has been associated with INR (4) and, in fact, we found that the proportion of cycling memory CD4 + T cells (CD45RO (6) . The cyto-kine profile of EXID was distinct, with lower concentrations of TNF-α compared with INR, and IL-12 compared with HC. The most apparent difference in EXID, however, was that the levels of IL-7 were significantly higher compared with HC and IR ( Figure 3 and Supplemental Table 2 ). We documented a negative correlation between the serum IL-7 levels and the CD4 + T cell counts among HIV-1-infected subjects (Spearman's ρ -0.53 [CI 95% -0.76 to -0.17], P < 0.004, Supplemental Figure 4 ) and IR, INR, and EXID segregated as 3 distinct clusters in relation to these 2 variables.
Impaired IL-7/IL-7 receptor axis in EXID. To investigate the integrity of the IL-7 signaling axis, we compared the expression of the IL-7 receptor α-chain (CD127) and STAT5 phosphorylation status in response to IL-7 between the 3 EXID patients for which sufficient material was available (EXID2, -3, and -4) and other patients' groups.
The proportion of CD127 + effector memory CD4 + T cells was 55% in EXID, 94% in HC, 82% in IR, and 71% in INR ( Figure 4A and Supplemental Table 1 ). Similar differences in CD127 expression were also observed in the central memory CD4 + T cell subset ( Figure 4B and Supplemental Table 1 ), but not in naive CD4 + T cells of the 4 groups. A significantly lower expression of CD127 was observed in CD8 + T cells from EXID compared with HC, IR, and INR (Supplemental Table 2 ). The transcriptional effects of IL-7 are mediated by STAT5 phosphorylation (p-STAT5) and its subsequent nuclear translocation; stimulation with 10 ng of IL-7 resulted in a median 3. . Similar differences were also noted with stimulation at lower concentrations of IL-7 (1 ng/ml, Figure 4D) .
EXID is associated with a distinct transcriptional profile. We next compared the transcriptional profile of peripheral blood mononuclear cells (PBMCs) from EXID patients with those of HC, ICL (median CD4 + T cells 115 cells/μl), and paired HIV/AIDS untreated subjects before ART (median HIV-1 pVL 196,418 copies/ml; CD4 + T cells 45 cells/μl) and after 96 weeks of ART (median HIV-1 pVL < 40 copies/ml; CD4 + T cells 317 cells/μl). No differences in the number of differentially expressed genes (DEGs) were found between ART-treated subjects and HC; in contrast, a considerable number of genes were differentially regulated in EXID compared with HC, HIV/AIDS untreated, and ART-treated IR (n = 138, n = 269, n = 313, respectively), while a more limited group of genes distinguished ICL and EXID transcriptomes (n = 24, Figure 5 , A and B, and Supplemental Table 3 ). The EXID transcriptome was distinct from HC, HIV/AIDS untreated, and ART-treated IR; hierarchical clustering of a group of 320 genes with functional roles in innate or adaptive immune responses revealed 3 clusters of genes, differentially regulated in EXID, HC, HIV/AIDS untreated, and ART-treated IR subjects (red, green, and blue clusters in Figure 5A and Supplemental Tables 4 and 5 ).
In addition, the list of the top best-scoring DEGs (log 2 fold change [FC] ≥ 1.5 [18 genes] or ≤ -1.5 [20 genes], adjusted P value ≤ 0.005; Figure 5C ) in EXID compared with ART-treated IR subjects was enriched with genes involved in T cell function, TCR signaling, monocyte/macrophage function, autophagy, and cell migration (Supplemental Tables 4 and 5 , and Supplemental Figure 5 ). The DEGs between EXID and ART-treated IR were different from the DEGs found between EXID and HIV/AIDS untreated; in fact, 118 and 61 genes were respectively downregulated or upregulated in EXID compared with HIV/AIDS untreated subjects but only 1 of these genes was among the DEGs between EXID with ART-treated IR (TNFAIP2; Figure 5 , B and C, and Supplemental Figure 5 ). This analysis demonstrated that the transcriptome in EXID is different from both HIV/AIDS untreated subjects with severe CD4 + T cell depletion (median 45 cells/μl) as well as from paired ART-treated subjects with CD4 + T cell reconstitution (317 cells/μl). Such a distinct transcriptome characterized by the differential regulation of genes and pathways involved in T cell and macrophage/monocyte functions as well as autophagy and inflammation prompted additional genetic work-up to evaluate the presence of rare hypomorphic genetic variants in genes involved in the control of similar immunological functions.
Genetic screening for variants associated with primary immunodeficiencies in EXID. We performed targeted next-generation sequencing (NGS) on 3 of the 5 EXID subjects for which sufficient material was available. EXID2 had a heterozygous variant in the gene RTEL1 (regulator-of-telomeres elongation helicase-1, NM_016434-codon_1322G>A, protein_W441*, combined annotation-dependent depletion [ 
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(Supplemental Figure 6 ). Genetic screening in EXID3 did not reveal obvious causative variants but a heterozygous missense variant of unknown significance was identified in the gene ATG9A (autophagy-related protein 9A, NM_024085-codon_2473G>A, protein_E825K, CADD score 33) (8). In EXID4 we identified a heterozygous pathogenic variant in the gene MEFV (pyrin, NM_000243-codon2080A>G, protein_M694V, CADD score 0.01) associated with Mediterranean fever (9, 10) and a rare variant in the gene NLRP7 (NLR family pyrin domain-containing 7, NM_001127255-codon_2156C>T, protein_A719V, CADD score 15.89) (11) . Anti-lymphocyte autoantibodies in EXID. Because cytopenias are seen in autoimmune conditions and in primary immunodeficiencies (12, 13) , we evaluated the presence of anti-lymphocyte autoantibodies possibly causing autoimmune destruction, impaired homeostatic expansion, or altered trafficking of CD4 + T cells in EXID, IR, or INR. Luciferase immunoprecipitation system (LIPS) immunoassay did not identify autoantibodies against several T cell surface proteins (CD3δ, CD3ε, CD3γ, CD8α, CD8β, CD4, CTL4, CD127, IFN-γ receptor-1, and IL-2 receptor γ-chain) nor against Ro52/TRIM21, a common target of autoantibodies in several autoimmune diseases, in any of the subjects. As an alternative strategy, we developed an NK cell-mediated antibody-dependent cellular cytotoxicity (ADCC) assay to reveal autoantibodies against any other epitopes expressed on CD4 + T cells. By this assay we found that CD4 + T cells were 
specifically depleted when incubated with plasma from EXID1 and EXID5 but not with PBS, HC, IR, or INR plasma, nor plasma of other EXID patients ( Figure 6 ). NK-mediated ADCC of CD4 + T cells was more evident at higher effector/target (E/T) ratios, reaching an average of 50% of target CD4
+ T cells at a 40:1 E/T ratio. In addition, CD4 + T cell killing was not observed when EXID1 or EXID5 plasma was IgG depleted, while the IgG eluate was sufficient to provide CD4 + T cell NK-mediated ADCC ( Figure 6 ). The same subjects (EXID1 and EXID5) also had evidence of NK-mediated ADCC of CD19 + B cells in plasma; such ADCC activity was abolished by IgG depletion of plasma but was not associated with a decrease in the number of CD19-expressing B cells in peripheral blood.
Long-term follow-up of EXID subjects. Long-term clinical and immunological follow-up was available for all EXID subjects. EXID2 and EXID3 did not have evidence of opportunistic infections, immune reconstitution, nor specific clinical events.
The CD4 + T cells of EXID1 remained below the pre-ART level, 36 cells/μl (5%), with 1.25% naive after approximately 5 years of consistent suppression of HIV-1 pVL, but in the following 7 years progressively increased, reaching 607 cells/μl (19%), with 17% naive (Supplemental Figure 7) . We evaluated the presence of NK-mediated ADCC in plasma samples collected before and after the CD4 + T cell recovery (week 188 and week 551 after ART initiation, respectively). No NK-mediated ADCC CD4 + T cell killing was found in the latter samples (Figure 6 ), supporting the causative role of such autoantibodies in hampering immune reconstitution.
EXID5's CD4 + T cells, after approximately 226 weeks of ART, started to progressively increase (highest CD4 + T cell counts: 119 cells/μl, 12% on week 249 after ART) (Supplemental Figure 7) . Alongside such CD4 + T cell reconstitution, EXID5 developed mental status decline with radiological evidence of basilar arteritis and cerebral ischemic lesions. A clinical diagnosis of CNS tuberculosis was formulated but the patient was lost to follow-up after initiation of antituberculous therapy. 
EXID4 maintained stable CD4 + T cells below the pre-ART level, 68 cells/μl (11%) with 4.3% naive (Supplemental Material Case Reports), despite 3 years of consistent suppression of HIV-1 pVL, but eventually developed right eye pain due to an infiltrating, hypermetabolic right orbital mass causing displacement of the right superior extraocular muscle and modeling of the superior right orbital bone as seen on MRI and PET-CT. A biopsy of the mass documented dense fibrosis and granulomas of epithelioid myeloid cells consistent with idiopathic orbital inflammation (IOI) (Supplemental Figure 8) . This rare clinical entity has unknown etiology, but is associated with other inflammatory diseases and can cause a local infiltrating, destructive sclerosing process (14, 15) . His inguinal lymph node histology and quantitative imaging documented a prominent IFN-α signature, increased collagen-1 deposition with accumulation of myeloid cells, and overall preserved CD4 + T cell density in the follicular area and T cell zone compared with HC and paired HIV/AIDS untreated and ART-treated IR subjects (Supplemental Figures 8 and 9 ). Infliximab treatment, indicated in IOI (16), resulted in regression of the orbital 
mass, and was associated with a progressive recovery of CD4 + T cells reaching 454 cells/μl (24%), with proportions of naive and effector memory CD4 + T cells of 0.21% and 80.9%, respectively, after 12 months of infliximab (Supplemental Figures 8 and 9 ).
In the context of myeloid granulomas and an underlying inflammatory disorder possibly causing CD4 + T cell pyroptosis (17, 18) , we performed an analysis of inflammasome and caspase-1 activation in monocytes and T cells of EXID2 and EXID4 and found that monocytes had an increased number of apoptosis-associated speck-like protein containing a C-terminal caspase recruitment domain (ASC) colocalizing with caspase-1 compared with HC, IR, and INR (EXID2 124,852 cells/ml, EXID4 69,858 cells/ml, compared with 3096 cells/ml, 7710 cells/ml, and 6159 cells/ml, in HC, IR, and INR, respectively; Figure 7 , A and B). CD4 + T cells had a higher level of caspase-1 activation in EXID and INR compared with IR and HC (EXID2 7.3%, EXID4 2.8%, and INR 4.7%, compared with 2.5% and 1.9% in HC and IR, respectively); conversely, caspase-1 activation was negligible and not significantly different in CD8 + T cells from HC, IR, INR, or EXID (Supplemental Figure 10 ).
Discussion
Herein, we report, for the first time to our knowledge, on a paradoxical decline in CD4 + T cells occurring after initiation of ART, which persisted despite consistent suppression of HIV pVL and changes in ART regimens. A comprehensive prospective clinical, immunological, and genetic characterization of these patients led to the identification of what we believe are novel mechanisms causing CD4 + T cell depletion in ART-treated individuals, specifically autoimmunity and inflammasome/caspase-1 activation.
The hallmark of HIV/AIDS, in the context of uncontrolled HIV-1 viral replication, is the progressive depletion of CD4 + T cells; direct viral cytopathic effects, apoptosis, pyroptosis, and immune-mediated lysis are among the mechanisms evoked to explain such depletion. Irrespective of the specific role of each of these mechanisms, ART-mediated suppression of HIV-1 replication results in reconstitution of CD4 + T cells in all HIV-1-infected subjects. In fact, although the extent of immune reconstitution can vary, a decline of CD4 + T cells on ART has never been described to the best of our knowledge, except as drug-related cytotoxicity of combined tenofovir-didanosine treatment (19) . 
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Therefore, we identified an immunological outcome of ART, extreme immunological decline or EXID, in subjects infected with non-B HIV-1 subtypes, an observation suggesting a role for a specific combination of both host and viral factors in the pathogenesis of such rare and perplexing immunological outcome. EXID was not associated with previously described predictors of poor immune response, as it occurred in young individuals, with higher nadir CD4 + and without any consistent increase in cycling CD4 + T cells or activated CD4 + or CD8 + T cells. In fact, rather than an extreme form of INR, EXID appears distinct from INR, as it is characterized by the following: decline of CD4 + T cell counts after initiation of ART, which remained consistently below the pre-ART level for at least 192 weeks despite constant suppression of pVL below the limit of detection; profound reduction of naive and relative expansion of effector memory CD4 + T cells; distinct immunophenotypic (low Ki67, high PD-1) and plasma biomarker profile (low TNF and IL-12); and high serum IL-7 levels with downregulated IL-7 receptor expression and impaired STAT5 phosphorylation.
The perturbation in the IL-7 axis and the lack of adequate CD4 + T cell expansion in response to increased IL-7 levels in EXID was not associated with an increase in inflammatory cytokines IL-6 and IL-1β, as proposed in INR (5), and appears to be more in line with those observed in ICL (20) . It is conceivable that the blunted IL-7 axis can contribute to EXID, but it is also possible that it develops in response to a persistent compensatory mechanism that fails to achieve the homeostatic expansion of CD4 + T cells because of additional mechanisms preventing adequate T cell reconstitution (i.e., antilymphocyte autoantibodies, aberrant inflammatory responses in genetically predisposed individuals).
The transcriptome analysis further documented a distinct transcriptional signature of EXID compared with paired viremic and ART-treated immunological responders characterized by different regulation of genes involved in T cell function, TCR signaling, monocyte/macrophage function, autophagy, and cell migration. In contrast, EXID's transcriptional signature was similar to that of subjects with ICL, suggesting some shared mechanisms responsible for the depletion of CD4 + T cells possibly independent from HIV-1 direct cytopathic effects. Because EXID, ICL, and viremic HIV-1 individuals had a similar level of lymphopenia it is unlikely the changes in transcriptional signature between these groups were driven by the differences in relative numbers of CD4 + T cell counts. 
The clinical follow-up provided important clues to the pathogenesis of EXID; a sustained recovery of CD4 + T cell counts was associated with the loss of anti-lymphocyte autoantibodies causing NK-mediated ADCC of CD4 + T cells in EXID1. An identical mechanism was also demonstrated in EXID5. The role of ADCC causing CD4 + T cell depletion has been previously documented in HIV-1-infected individuals (21-23) but its role in the pathogenesis of AIDS or immunological failure remains elusive. The evidence of recovery of CD4 + T cell counts after loss of such anti-lymphocyte autoantibodies has implication for the spontaneous reversibility of such a condition or for potential therapeutic interventions (i.e., rituximab or plasmapheresis). Importantly, the loss of anti-lymphocyte autoantibodies and consequent spontaneous recovery of CD4 + T cells occurred after more than 5 years of consistent suppression of pVL and in one case (EXID5) was also associated with symptoms and radiological findings consistent with immune reconstitution inflammatory syndrome that led to significant morbidity.
A spontaneous recovery of CD4 + T cell counts was not observed in any of the other 3 EXID subjects. However, the long-term follow-up of EXID4 revealed a different mechanism responsible for the CD4 + T cell decline; an orbital inflammatory disorder (IOI) prompted initiation of infliximab that resulted not only in the expected improvement of the orbital inflammatory mass but also in an unexpected reconstitution of CD4 + T cells. The CD4 + T cell recovery on infliximab, its pattern (lack of naive and expansion of effector memory CD4 + T cells), the increased inflammasome/caspase-1 activation along with lymph node fibrosis, and rare variants in genes controlling inflammasome/caspase-1 activation (NLRP7 and MEFV) (9-11), suggest a perturbed inflammatory response resulting in altered CD4 + T cell trafficking and homeostasis rather than autoimmune phenomena, which were in fact not documented in this subject. Interestingly, in a nonhuman primate model of acute SIV infection, adalimumab (TNF-α-blocking monoclonal antibody similar to infliximab) reduced lymph node fibrosis and preserved CD4 + T cells (24) , while studies on TNF-α blockade in HIV-1-infected patients documented the safety of such intervention and an increase in CD4 + T cell counts in some case reports (25) (26) (27) (28) . EXID2 was found to have a remarkable inflammasome/caspase-1 activation along with severe decrease in TL, with an RTEL1 frameshift variant introducing an early stop codon. Such a clinical scenario may resemble the recently reported novel quantitative and qualitative primary T cell immunodeficiency in which telomere shortening caused by specific genetic defects reaches a critical cellular threshold causing depletion of CD4 + T cells from intrinsic and extrinsic apoptosis (29) . It is conceivable that, as seen in this model, in EXID2, the telomere attrition caused by T cell replication in a perinatal HIV-1 infection with persistent vigorous inflammasome/caspase-1 activation could not be fully compensated for in the context of the frameshift variant in RTEL1 and reached a critical threshold in naive and memory T cells (7, 29, 30) .
Despite the long-term follow-up and the prospective nature of our study, the small sample size and the variability in some immunological correlates imposed by the differences in the mechanism responsible for EXID limited our ability to generalize our findings. Nevertheless, we identified 2 mechanisms contributing to CD4 + T cell depletion in subjects with suppressed HIV-1 replication, namely (a) autoimmune depletion of CD4 + T cells, and (b) pyroptosis, impaired trafficking, and expansion of CD4 + T cells in altered inflammasome/caspase-1 activation. EXID is a rare immunological outcome of ART that may occur in patients with specific host and viral factors; EXID results in unique clinical challenges but can also reveal and help elucidate the specific mechanisms determining CD4 + T cell depletion during uncontrolled HIV-1 replication from the ones limiting the degree of reconstitution of CD4 + T cells on ART.
Methods
Study participants. Patients referred to the NIH Clinical Center were enrolled in NIAID IRB-approved protocols after informed consent was obtained (NCT02147405, NCT00867269, NCT00001467, NCT00001281, NCT00286767, and NCT00789009). Written informed consent was provided for the patient's photo appearing in the supplemental material. IRs and INRs were defined as subjects with less than 100 CD4 + T cells/μl on enrollment who achieved greater than or less than 270 CD4 + T cells/μl after 96 weeks of ART, respectively. EXID was defined as a progressive and persistent decrease in CD4 + T cell counts despite 192 weeks of ART in the absence of malignancy and regardless of pre-ART CD4 + T cell counts. ICL is defined by less than 300 CD4 + T cells/μl in the absence of HIV-1 infection or any other known primary or acquired immunodeficiency.
Immunophenotyping and cytokine/chemokine quantification. PBMCs were stained with fluorescently labeled antibodies against cell surface markers subsequently detected by flow cytometry. Sufficient material for the analysis of CD127 expression and STAT5 phosphorylation in response to IL-7 stimulation was available from EXID2, -3, and -4. Biomarkers were measured by electrochemiluminescence with a custom multiplex kit (Meso Scale Discovery).
Transcriptome analysis and targeted NGS. RNA was extracted from PBMCs of 5 EXID, 5 HC, 5 ICL, and 5 HIV/AIDS subjects prior to start and after 96 weeks of ART. The libraries were run on an Illumina HiSeq 2500 sequencer and reads were mapped to the human genome assembly NCBI-hg38 using Hisat2 (31) . RNA sequence information reported in this study is deposited in NCBI's Gene Expression Omnibus (GEO GSE125223). The networks were generated through the use of IPA (QIAGEN Inc., https://www. qiagenbioinformatics.com/products/ingenuity-pathway-analysis).
Targeted NGS of exons and flanking regions of 318 genes causing primary immunodeficiencies was performed as previously described (32) . Variants with a population frequency of less than 0.5% in different data sets (1000-Genomes, EXAC, NHLBI-6500, GnomAD) were scored using the CADD score.
LIPS for measuring anti-lymphocyte antibodies and ADCC assays. Autoantibodies against CD8α, CD8β, CD3δ, CD3ε, CD3γ, CD4, CTL4, IL-7 receptor, IFN-γ receptor-1, IL-2 receptor γ-chain, and Ro52/TRIM21 were measured by LIPS employing luciferase-tagged antigens as previously described (33) . For the ADCC assay, NK cells were isolated from healthy subjects by immunomagnetic negative selection (EasySep Human NK Cell Isolation Kit, Stemcell Technologies) and incubated overnight with 1,000 U/ml IL-2. PBMCs from the same donor were used as targets after resting and CFSE labeling. Targets were incubated with or without NK in the presence of PBS, anti-CD20, or patient's plasma, then stained for CD3, CD4, CD8, and CD19 and analyzed by flow cytometry. Cells were enumerated using counting beads and percentage killing was calculated as the difference in the absolute number of CFSE-labeled targets incubated with and without NK. Total IgG was purified from plasma with Protein A/G agarose affinity resin (Thermo Fisher Scientific).
Immunohistochemistry, quantitative imaging, and inflammasome analysis. Immunohistochemical staining and quantification were performed as previously described (34, 35) . Briefly, immunohistochemistry was performed on 5-μm tissue sections after heat-induced epitope retrieval followed by incubation with antibody against myxovirus resistance gene A (MxA), or collagen 1, or CD4 in combination with CD163 and CD68. Slides were washed, blocked, and incubated with rabbit or mouse Polink-1 or -2 horseradish peroxidase and developed with Immpact DAB (3,3′-diaminobenzidine; Vector Laboratories). All slides were washed, counterstained, mounted, and scanned using the ScanScope CS System (Aperio Technologies), yielding high-resolution data from the entire tissue section. The percentage area positive for MxA, collagen 1, and CD4 + T cells was quantified using CellProfiler version 3.1.5. For the inflammasome activation analysis, cells were acquired using an Amnis ImageStreamX Mark II imaging flow cytometer and the integrated software INSPIRE (MilliporeSigma) was used for data collection. Additional information on immunohistochemistry and inflammasome analysis is in the supplemental material.
Statistics. Comparisons of continuous variables between different groups was performed by using nonparametric tests (Kruskal-Wallis test, Mann-Whitney U test). All hypothesis were 2-tailed and the criterion for statistical significance for these comparisons was set to P ≤ 0.05; adjustment for multiplicity with Dunn's multiple-comparisons test was applied for the immunophenotypic analysis of T cell subsets and the analysis of the cytokines' plasma/serum concentration whenever more than 2 groups were compared. Spearman's rank correlation was used to measure the linear association between IL-7 serum levels and CD4 + T cell counts. Differential expression analysis was performed using the Bioconductor package DESeq2 (36) . Genes were determined to be significantly differentially expressed if they passed multiple test correction using the Benjamini-Hochberg (37) adjusted P value of ≤0.05.
